The linear optics of the TLS (Taiwan Light
INTRODUCTION
Since the commissioning of the TLS at SRRC in April 1993, it has operated for 4 years[l-31. The 1.3 GeV electron beam is injected from the booster synchrotron to the storage ring, and the energy is normally ramped up to 1.5 GeV in the storage ring started from September 1996. The lattice structure of the storage ring has six periods, each 20 m long. One period consists of a 6-m long straight and a combined function triple bend achromat. In all there are 48 quadrupoles and 24 sextupoles. The emittance of the lattice at 1.3 GeV is 1.9 18* m-rad. Each integrated sextupole strength is about 10 m-'. The beam closed orbit can be corrected down to a level of 100 to 200 pm rms with respect to the ideal orbit, based upon the beam position monitor readings. However, the real center could be different from these values partially due to the electronics offsets of the BPMs and partially the alignment errors. At the sextupole position, this offset creates quadrupole fields, and the linear optics is thus distorted. The symmetry of the linear optics is then broken. To determine the lattice optics precisely, the computer code called LOCO (Linear Optics from Closed Orbits) developed by one of the authors, J. Safranek, was used to analyze the orbit response matrix associated with the steering magnets [4] . The analysis provided best fit values for the gradients in the individual quadrupoles and sextupoles as well as the BPM gain errors and steering magnet calibration errors. The measured BPMs gain errors were consistent with subsequent measurements made using a test signal.
METHOD
For a storage ring of known magnet strengths, one can calculate the orbit response matrix. The LOCO program reverses this process and calculates the magnetic field gradients from the measured orbit response matrix. Adjusting the gradients in the model until the model calculated response matrix is best fit to the measured one, we can obtain the real machine gradient distribution.
The COMFORT or MAD [5] accelerator optics program can be used to calculate the model response matrix. The measured and model response matrices are defined by where e,, 8, is a change in the orbit steering magnets andx,y is the resulting change in electron orbit. The model parameters in the program are varied to minimize x2 defined as where the sum is over the 62 orbit steering magnets (30 horizontal and 32 vertical) and the 96 BPMs (48 horizontal and 48 vertical). The Oi are the measured noise levels for the BPMs. In this study, we ignored the coupling terms for the transverse planes such that only the normal terms of the gradients were fitted. The vector vk(i,i) has 2976 elements for the uncoupled response matrix in this study. Because the response matrix is not a linear function of the quadrupole gradient, LOCO must be iterated until it converges to the best set of parameters, i.e., the best gradient distribution.
In the fitting of the response matrix, the energy shifts due to the horizontal corrector in the dispersion region is also included, i.e., a term %is considered in the Mde, . The kick size was usually of a size to create an orbit distortion of 1 mm rms so as to have good noise-tosignal level and eliminate the nonlinear effects in the BPMs. 
QUADRUPOLE MAGNET ERROR
We stored the beam current in the SRRC storage ring first with sextupole magnet turned on to correct chromaticities of the lattice and then turned off the sextupole magnet power supplies. In both cases, we performed the measurements of the orbit response by changing the individual correctors. We averaged the BPM data from database 100 times per measurement. Except a few malfunctioning BPMs, we achieved a BPM noise level of 1 p. However, the BPM gains varied quite significantly and the fitted gain errors were checked with testing electronic signals. The results were in good agreement. The closed orbit could be corrected down to several hundred microns rms for the normal users operation. Due to construction errors the alignment of the sextupole magnets were not as accurate as quadrupoles of which alignment errors were 0.15 mm rms. The systematic position errors at the BPMs also gave extra orbit offsets at sextupole locations. To remove the gradients generated from the sextupole offsets, we first analyzed the case without powering sextupoles.
The fit of the quadrupole gradients showed that quality of the SRRC magnets is very good. The following tables shows that the rms variation in the fit gradient for the four quadrupole families. Also shown is the rms variation in gradients according to the magnetic measurements. The beam energy is usually ramped up to 1.5 GeV after 1.3 GeV injection and the sextupole strengths are increased. It showed the beta beat was larger at 1.5 GeV (shown in Fig. 3) .
In the presence of perturbations from the insertion devices, the vertical beta beat becomes larger if the perturbations are not compensated. Fig. 4 shows the effect of the wiggler magnet (1.8T, 25 poles). Correction of the beta beats of the SRRC storage ring will be possible once we have independent quadrupole trims which are presently being installed.
BPM CALIBRATION
We found significant variations in the calibrations of the BPMs. They varied in the horizontal plane by a factor of 3 from 1.946 to 0.665, and by a factor of 2 vertically from 1.830 to 0.791. This caused the errors in the closed orbit correction to some extent. Figs. 5 and 6 show the measured horizontal dispersion without and with correction for the fit gain errors. Much of the apparent distortion in the measured dispersion in Fig. 5 was caused by gain errors in the BPMs. 
